A nested multiplex polymerase chain reaction (PCR) approach was adopted for the simultaneous detection of 4 human infective genotypes of the protozoan parasite Cryptosporidium. Specific PCR primers were designed for the heat shock protein 70 gene of 2 genotypes of Cryptosporidium parvum (human and bovine types), Cryptosporidium canis, and Cryptosporidium felis. These 4 genotypes have all been found in human fecal samples. The primers amplified DNA fragments of specific sizes, each representing a unique genotype. The limit of detection of the method was found to vary between 10 and 100 oocysts per 1 ml fecal material. There appeared to be no cross-reactivity with other organisms commonly present in feces and soil, and the approach has a high specificity. The rapid identification of various human infective Cryptosporidium isolates is a part of the authors' long-term aim of determining the routes of infection with oocysts and thereby increase their epidemiological understanding of Cryptosporidium infection in humans and animals.
ridium parvum is generally considered the human infective type, other isolates, including Cryptosporidium meleagridis 18 and Cryptosporidium felis, 23 have been identified in human immunodeficiency virus (HIV)infected individuals. It is also becoming more evident that C. parvum is not a uniform species and that several genotypes within the species have been described. 18 Most noticeably, phylogenetic analysis shows that C. parvum can be differentiated into a human type, that has been found in humans only, and a bovine type, that has been found to affect both humans and cattle as well as a whole range of other mammals. 2, 13, 22 There is also evidence for a dog genotype, 19 C. canis, 8 a pig genotype, 12 a marsupial genotype, 17 a mouse genotype, 14 and a ferret genotype. 30 The C. canis genotype has been identified in fecal samples from a HIV-infected human. 23 Therefore, it is becoming increasingly important that the diagnosis of cryptosporidiosis be accurate, cost-effective, rapid, and possibly be of aid in the identification of the potential source of contamination.
In this investigation, polymerase chain reaction (PCR) primers were designed for portions of the recently sequenced heat shock protein (HSP) 70 gene of various isolates of Cryptosporidium. 25 By combining these primers in a multiplex PCR approach, a method for identifying 4 of the human infective genotypes in fecal material and soil samples was developed. This is a part of the authors' long-term aim of determining routes of infection with oocysts and hence to increase their epidemiological understanding of Cryptosporidium infection in humans and animals.
Materials and methods
Sources of fecal and soil samples. Fecal samples positive for Cryptosporidium oocysts, determined by centrifugation concentration flotation method 9 and by a commercially produced enzyme immunoassay, a were obtained from the Section of Parasitology, Department of Population Medicine and Diagnostic Science, College of Veterinary Medicine, Cornell University, Ithaca, New York. The samples obtained from calves, dogs, and cats were submitted for the diagnosis of Cryptosporidium infection. All positive samples contained oocysts identified as C. parvum on the basis of the size of the oocyst and the host from which it was collected. In addition, human samples (also identified as C. parvum) were received from Cayuga Medical Center, Ithaca, New York, and from Bassett Healthcare Center, Cooperstown, New York. DNA in solution from C. parvum human genotype was supplied by Dr. J. McLauchlin, Central Public Health Laboratory, London, UK. Samples were preserved either in 2.5% potassium dichromate solution or in formalin and stored at 4 C until use.
Soil samples were collected from dairy farms in south eastern New York State 4 and analyzed for the presence of Cryptosporidium using an adaptation of a flotation procedure. 3 Uncontaminated loamy sandy soil was used as negative control (analyzed by the Department of Soil Crops and Atmospheric Sciences, Cornell University, Ithaca, New York) and used when spiking soil with known numbers of oocysts.
Oocyst isolation from feces. Deoxyribonucleic acid was extracted directly from the fecal material of the test samples, but purified oocysts were used in positive control reactions. The oocysts were purified by the discontinuous sucrose gradient method as described previously 1 and stored in phosphate-buffered saline ([PBS]; 100 U penicillin G, 100 g streptomycin sulfate, 0.25 g amphotericin B per 1 ml oocyst solution) at 4 C. The concentration of the oocysts was calculated after counting them using an improved Neubauer hemocytometer.
Oocyst isolation from soil. A sugar flotation concentration method 9 was used to concentrate and purify oocysts from soil samples before DNA extraction. Deoxyribonucleic acid isolation was then performed as described below.
Deoxyribonucleic acid extraction. Deoxyribonucleic acid was extracted directly from fecal samples using a modification of a previously described method. 31 Briefly, 1 ml of fecal material, adjusted to 50% solids, was mixed with 0.5 ml HemoDe, b vortexed, and centrifuged at 10,000 g for 5 min. The supernatant and interface debris, containing lipids and polysaccharides, were discarded and the pellet washed in 1.5 ml PBS.
The supernatant was again discarded and the pellet resuspended in 1.0 ml DNAzol containing guanidinium thiocynate c to extract the DNA. Oocysts were ruptured by vortexing them in the presence of 0.5-mm glass beads, and the whole tube was incubated at 90 C for 30 min to ensure complete lysis of the sporozoites. Glass beads were removed by centrifugation, the lysate centrifuged, and the supernatant containing the soluble DNA precipitated in 100% ethanol and incubated at room temperature for 4 min. The precipitated DNA was pelleted and redissolved once more in DNAzol and centrifuged to further remove insoluble particles. The DNA in solution was precipitated and the pellet washed twice in 95% ethanol, air-dried, and dissolved in 100 l TE buffer without overdrying it. Deoxyribonucleic acid stock solutions were stored at Ϫ20 C until use. Deoxyribonucleic acid from purified oocysts was isolated using the same protocol, except that no HemoDe treatment was necessary.
Nested and multiplex PCR. A nested PCR approach targeting the SSU rRNA gene of Cryptosporidium was used initially to test for the presence or absence of Cryptosporidium DNA in the samples. The first set of primers, SSU-1 (5Ј-GAT TAA GCC ATG CAT GTC TAA G-3Ј) and SSU-2 (5Ј-TTC CAT GCT GGA GTA TTC AAG-3Ј), were followed by nested primers, SSU-3 (5Ј-CAG TTA TAG TTT ACT TGA TAA TC-3Ј) and SSU-4 (5Ј-CCT GCT TTA AGC ACT CTA ATT TTC-3Ј). In Cryptosporidium-positive samples, this amplified a 638-bp fragment. Typically, 2 l DNA solution, diluted 1:100, was mixed with 4 M of each primer, 5.0 U Taq DNA polymerase, and 11.1ϫ PCR buffer to give a final concentration of 45 mM Tris-HCl, pH 8.8, 11 mM ammonium sulfate, 4.5 mM MgCl 2 , 6.7 mM mercaptoethanol, 4.4 M ethylenediamine-tetraacetic acid (EDTA), pH 8.0, and 1 mM of each diethylnitrophyenyl thiophosphate (dNTP) made up to a total volume of 20 l in millipore-filtered H 2 O. Standard cycling conditions were as follows: 24 cycles of 94 C for 50 sec, 53 C for 50 sec, and 72 C for 1 min. The PCR mixture for the secondary reaction was identical to that of the primary PCR, except for a primer concentration of 10 M, a cycling annealing temperature of 56 C, and an increased number of cycles (30) . Polymerase chain reactions were performed in a PTC-100 Programmable Thermal Controller, d and PCR products were analyzed by agarose gel electrophoresis. Amplicons were observed with ethidium bromide staining and recorded on an Eagle Eye gel imager. e Samples that were positive for Cryptosporidium DNA after PCR using SSU primers were further analyzed with the multiplex PCR at the HSP-70 locus. Primers specific for each of the 4 genotypes investigated in this study (C. parvum [human and bovine genotypes], C. canis, and C. felis) were designed on the basis of identified differences in the HSP-70 gene sequence. HSP-70 gene sequence information was derived from the GenBank database (accession numbers AF221529, U11761, AF221535, and AF221538) and multiple sequence alignments performed with hierarchical clustering. 6 Reactions were performed using forward primer hsp-1 (5Ј-GTT GGT GTA TGG AGA AAC GAT A-3Ј) and reverse primers hsp-13, human genotype (5Ј-CTG TGT TTT CTG GAT TTC TAG CAA CT-3Ј); hsp-5, C. canis (5Ј-CAG GTA CGG TGA CGA CGG CGT TCT TAA TTG-3Ј); hsp-6, C. felis genotype (5Ј-TGT ACC ACC TCC CAG ATC GAA AAT CAG G-3Ј); and hsp-8, bovine genotype (5Ј-CGC ATT GAG TTC TGA GTC TTC TTA AAG-3Ј). Typically, 2 l DNA solution, diluted 1:100, was mixed with 2.5 M of each primer, 5.0 U Taq DNA polymerase, and 11.1ϫ PCR buffer to give a final concentration of 45 mM Tris-HCl, pH 8.8, 11 mM ammonium sulfate, 4.5 mM MgCl 2 , 6.7 mM mercaptoethanol, 4.4 M EDTA, pH 8.0, and 1 mM of each dNTP made up to a total volume of 20 l in milliporefiltered H 2 O. Standard cycling conditions were as follows: 45 cycles of 94 C for 50 sec, 55 C for 50 sec, and 72 C for 1 min. Polymerase chain reactions were performed in a PTC-100 Programmable Thermal Controller, d and PCR products were analyzed by agarose gel electrophoresis. Amplicons were observed with ethidium bromide staining and recorded on an Eagle Eye gel imager. e Limit of detection. Seeded samples were prepared by adding 1, 10, 10 2 , 10 3 , 10 4 , and 10 5 purified oocysts to horse fecal samples diagnosed (flotation and PCR) as free from Cryptosporidium oocysts before DNA extractions.
Results
DNA was extracted and amplified from Cryptosporidium isolates, obtained from 4 different hosts, by a multiplex PCR approach. By targeting specific regions of the HSP-70 gene, fragments of expected sizes were obtained from each of the host genotypes. A schematic representation of primers used and of the sizes of the predicted fragments is shown in Fig. 1 . The presence of C. parvum bovine type would result in a 757-base pair fragment, C. canis in a 394-base pair fragment, C. felis in a 564-base pair fragment, and C. parvum human type in a 148-base pair fragment.
Optimal PCR conditions were obtained when performing 45 cycles of 94 C for 50 seconds, 55 C for 50 seconds, and 72 C for 1 minute for the primary reaction. When performing the multiplex PCR under these conditions, DNA from each type of the various isolates generated amplicons of the expected size (Fig.  2 ). If samples were mixed, multiple fragments were obtained, each corresponding to the original host type. Deoxyribonucleic acid extractions from fecal samples negative for Cryptosporidium oocysts but containing other parasites, including Giardia intestinalis and Eimeria tenella, did not result in amplicons close to any of the expected sizes. A negative control, containing DNA from a horse fecal sample negative for Cryptosporidium, and a positive control, consisting of DNA from purified bovine oocysts, were included in each reaction.
The limit of detection of the multiplex PCR protocol was found to vary between 1 and 100 oocysts in spiked fecal samples. Non-Cryptosporidium-infected horse feces was spiked in triplicate with 0, 1, 10, 10 2 , 10 3 , 10 4 , or 10 5 oocysts of the C. parvum bovine type before DNA extraction, and multiplex PCR was performed under optimal conditions (Fig. 3) . Commonly, there was an increased signal with increased numbers of oocysts added, but it cannot, from the results in this study, be concluded that there is a correlation between the amount of DNA and the intensity of the bands.
Discussion
A multiplex PCR procedure that generates the predicted 4 differently sized amplicons from the HSP-70 genes from C. parvum (human and bovine genotypes), C. canis, and C. felis is described in this report. The advantage in using the method described in this study is that it allows the simultaneous identification of 4 human-infective Cryptosporidium types without subsequent restriction digest treatment. Conventional methods for the identification of Cryptosporidium oocysts include centrifugation concentration flotation of fecal material followed by microscopy 21 and examination of fecal smears with acid-fast stains. 7 Microscopy is, however, tedious and time consuming and requires experienced readers. Also, the detection limit after concentration using sucrose flotation has been reported to be as high as 4,000-50,000 oocysts per gram. 27, 28 Therefore, there has been a need to increase the sensitivity of the detection method, and the use of PCR has proven to have many advantages over conventional microscopy methods. 29 Depending on the target gene, the sensitivity of PCR can be Յ20 oocysts per 1 ml fecal sample. 31 In addition, PCR is relatively easy to perform, large numbers of samples can be analyzed simultaneously, the cost is relatively low, and there is the potential to genotype the oocysts at the same time.
The results from this study suggest that the primers chosen are specific for the targeted genotypes, and GenBank searches did not identify other sequences for possible primer annealing. The primers were designed after careful multiple sequence alignments of the HSP-70 genes from the 4 genotypes which, at the loci chosen, differed enough to allow the identification of unique sequences where primers could anneal. The HSP-70 gene appears to be a good target for genotyping because a high degree of heterogeneity has been observed between closely related isolates, e.g., higher than that for the well-studied SSU rRNA gene. Mutations at the nucleotide level are spread over the whole sequence, which makes specific primer design easier. A previous study 5 failed to differentiate C. meleagridis from C. parvum by PCR when primer pairs targeting the 18S rRNA gene were used. In addition, the 2 species seem to share epitopes that are crossreactive in enzyme immunoassays. 10, 11 This was considered a critical drawback because C. meleagridis, the bird species, traditionally is not regarded as a human pathogen even though it now has been identified in a HIV-infected human. 15 Being able to differentiate between genotypes would, however, be a major advantage when the aims are to identify the source of an infection and, as shown in this study, to identify a number of possible human-infective Cryptosporidium isolates.
These 4 described genotypes were chosen because they were found to be capable of infecting humans. The susceptibilities of immunosuppressed humans to various Cryptosporidium isolates have, however, not been extensively studied, and it is possible that future studies specifically looking for other genotypes will also find them.
On the basis of sequencing data available to date, the primary primer pair seems suitable for the identification of the Cryptosporidium genus and therefore could be used for the diagnosis of Cryptosporidium oocysts in fecal and environmental samples. However, to exclude amplification of hsp genes with similar sequences, from other organisms present in fecal or soil samples, it would be advisable to design a second set of conserved primers and perform a nested reaction.
The sensitivity of the multiplex PCR was very high, varying between 1 and 100 oocysts per 1 ml starting fecal material. To standardize the protocol, all DNA extractions were carried out on 1 ml samples containing 50% solid material and the resulting DNA pellet resuspended in 100 l TE buffer. One microliter of this DNA solution was used for every 10 l PCR reaction. It is possible that increasing the amount of template would have resulted in increased sensitivity of the assay, but these tests were not performed. A drawback of the direct DNA isolation method used in this study is that the amount of Cryptosporidium DNA in the template sample cannot be estimated because DNA from all other parasites and bacteria in the sample will also be present. If samples contain very high amounts of oocysts, and subsequently high amounts of DNA, it could likely pose a problem but this appears not to have happened in any of the samples in this study even when the oocyst load was above 5 ϫ 10 5 oocysts per gram of feces. The lack of knowledge about the DNA concentration would not be a cause of worry in the case of low numbers of oocysts because the method has proven to be highly sensitive.
The sensitivity of the multiplex PCR was not calculated for the soil samples because these were concentrated by sugar flotation before DNA extraction and the recovery after flotation is known to be rather poor. In the author's experience, the number of oocysts identified in a sugar flotation concentrated sample is in the magnitude of 10% of the total number in the sample. The recovery of Cryptosporidium oocysts from naturally infected calves is usually not an issue because of the large numbers of oocysts that they shed in diarrheic feces (up to 5 ϫ 10 5 per gram of feces). 20 The sensitivity of the detection method, however, becomes more important when small numbers of oocysts are to be detected in asymptomatic infections and in dilute environmental samples such as soil. 26 The ability of PCR to amplify DNA thousands of times makes it an excellent method for detecting Cryptosporidium DNA. Unfortunately, direct isolation of DNA from soil samples still poses some difficulties, mainly because of PCR inhibitors, e.g., humic-type material, that are coextracted with the DNA. Future work will focus on methods to decrease the amount of PCR inhibitors found in different types of soil and to make it more reproducible such that the same direct approach used for the fecal samples can be applied to soil samples as well.
